Laccase was immobilized on granular activated carbon (GAC) and the resulting GAC-bound laccase was used to degrade four micropollutants in a packed-bed column. Compared to the free enzyme, the immobilized laccase showed high residual activities over a broad range of pH and temperature. The GAC-bound laccase efficiently removed four micropollutants, namely, sulfamethoxazole, carbamazepine, diclofenac and bisphenol A, commonly detected in raw wastewater and wastewater-impacted water sources. Mass balance analysis showed that these micropollutants were enzymatically degraded following adsorption onto GAC. Higher degradation efficiency of micropollutants by the immobilized compared to free laccase was possibly due to better electron transfer between laccase and substrate molecules once they have adsorbed onto the GAC surface. Results here highlight the complementary effects of adsorption and enzymatic degradation on micropollutant removal by GAC-bound laccase. Indeed laccase-immobilized GAC outperformed regular GAC during continuous operation of packed-bed columns over two months (a throughput of 12,000 bed volumes). 
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Continuous adsorption and biotransformation of micropollutants by granular activated
and increase the operational cost.
55
A potential approach to overcome the above mentioned drawbacks is to immobilize laccase onto 56 solid supports. The advantages of laccase immobilization have been evaluated mainly using 57 phenol as a model toxic compound (Davis and Burns, 1992) . Several previous studies have also 
61
Immobilization of laccase has been demonstrated on different kinds of inert (e.g., alginate beads 62 and aluminum oxide pellets) as well as active (e.g. silica gel, zeolite and activated carbon) run, laccase activity of the solution was measured after 2 min, the spent solution decanted, the
160
GAC washed with Milli-Q water, and then fresh reagent was added to start the next run. The calculated from the molar adsorptivity, ɛ468 nm = 49.6/(mM cm) and expressed in μM(DMP)/min.
213
For the assay of the immobilized laccase, a sample of 50 mg was used. The reaction condition 214 used were the same as those described in the free laccase assay. column temperature, and sample injection volume were 280 nm, 20 °C, and 50 μL, respectively.
232
The mobile phase comprised of acetonitrile and Milli-Q water buffered with 25 mM KH2PO4. further 8% of N2-accessible surface (Table 1) . However, another possible reason for the better 257 adsorption of laccase is that the acid washing process has been shown to develop more 258 carboxylic groups on the GAC surface, which could enhance laccase adsorption. Davis and
259
Burns (1992) observed an increase in carboxylic groups on surface of GAC after acid washing.
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Overall, due to its superior activity, acid-washed GAC was used for laccase immobilization in 261 the rest of the study.
262
According to the analysis of the surface area and pore volume data (Table 1 and Supplementary
263
Data Figure S4 ), the surface of the GAC used in this study predominantly (ca. 80%) comprised 264 micropores. In the case of the lower enzyme loading (i.e., 30% saturation), the enzyme appeared 265 to be distributed/immobilized across all sites over the GAC, perhaps more at sites with pore-266 width greater than 3 nm (Supplementary Data Figure S5 ). A significant reduction in pore volume 267 in the 2 to 5 nm pore-width region was noted when the enzyme loading was increased (i.e., 'full' 268 saturation), which evidenced that additional enzyme was distributed mostly in those pores
269
(Supplementary Data Figure S5 ). Nevertheless, it was confirmed that, even at saturation 
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[ The pH of a solution can significantly affect the structure and activity of enzymes. It is thought were to be developed. The results in the current study confirm that GAC-bound laccase, which 297 enhances stability of laccase at acidic pH, could be particularly suitable for the removal of some 298 micropollutants. Further discussion regarding micropollutant removal is provided in Section 3.3.
[FIGURE 1]
300
The stability of the free and immobilized laccase was compared over a temperature range of 30 301 to 70 ºC. This study confirms the increase in temperature resistance of laccase due to 302 immobilization on GAC. As can be seen in Figure 2 , the activity of both free and GAC-bound 303 laccase was stable at 30 and 40 ºC. However, the activity of the GAC-bound laccase was greater 304 at temperatures between 60 and 70 ºC: at 60 ºC, the GAC-bound laccase retained more than 85% 305 of its activity as compared to 43% in case of free laccase (Figure 2 
Reusability of GAC-bound laccase
315
The reusability of laccase is an essential feature for its industrial application. In this study, the the weak physical bonds of the laccase and inert support, the operational stability is often lower.
324
On the other hand, the surface of GAC may contain carboxylic groups and other surface oxides large portions of GAC surface (65%) remained available after laccase immobilization (Table 1) .
339
The laccase-catalyzed degradation was evident in the following cycles in that the removal 340 efficiency of the GAC-bound laccase was higher. After biodegradation, the adsorption sites on
341
GAC are liberated and cycle of sorption-biodegradation could begin anew. Therefore, the 342 immobilization of laccase in GAC enables the regeneration of GAC sorption sites, allowing 343 reuse. Additionally, it prevents the total saturation of GAC, which is a necessary feature if 344 operation at continuous mode is desired.
345
It is also important to note that the better removal of micropollutants by GAC-bound laccase resistance of these compounds to lacccase-catalyzed degradation.
365
Interestingly, a significant increase in pore-volume in the 2 to 5 nm pore-width region was 366 noticed after the laccase-immobilized GAC was used to remove micropollutants from test 367 solutions (Supplementary Data Figure S5 ). Increase in surface area and pore volume on GAC
368
after the micropollutant test (Table 1) Removal of micropollutants by GAC was due to adsorption, whereas the removal of 380 micropollutants by GAC-bound laccase was via simultaneous adsorption and degradation. In 
